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Abstract: For the non-invasive measurement of biological tissue, a piezoelectric photoacoustic
spectroscopy (PZT-PAS) system that detects a single frequency of ultrasound induced by the
irradiation of pulse-modulated mid-infrared laser light was developed. PA spectra of the optical
phantom and biological samples were obtained, and the relationship between the PA signal
intensity and optical absorbance in the fingerprint region (930–1,200 cm−1) was analyzed to
estimate the optical absorbance. The resonance vibration of the induced ultrasound was utilized
to further increase the signal strength for biological tissue measurement. Consequently, PA
spectrum reflecting the absorption of components in biological tissues was obtained.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

With the global increase in the number of patients with diabetes, daily blood glucose measurements
have become necessary [1]. Although self-monitoring of blood glucose devices are already on
the market, the blood sampling of these devices require skin puncture, causing pain and infection
risks to users [2]. Therefore, a noninvasive monitoring system that can easily measure blood
components from the skin surface is required.

Many attempts based on optical approaches have been reported to achieve non-invasive glucose
detection and/or measurements [3,4], including fluorescence techniques [5], Raman spectroscopy
[6], and infrared spectroscopy [7]. Infrared spectroscopy can be divided into near-infrared
spectroscopy and mid-infrared spectroscopy, depending on the wavelength of the light. Some
affordable and compact systems have been proposed based on near-infrared spectroscopy because
there are multiple choices of light sources and detectors [8,9]. However, the measurement
accuracy in the near-infrared region is limited because the optical absorption that can be detected
in the near-infrared region is an overtone of fundamental molecular vibrations in the mid-infrared
region. Furthermore, they are superimposed in the near-infrared region, making it difficult to
distinguish each component. However, mid-infrared spectroscopy based on a wavelength range of
3-12 µm enables the detection of strong and isolated absorption peaks derived from fundamental
molecular vibrations, including the fingerprint region (8-10 µm) of biological tissue [10]. For
these uses, the attenuated total reflection (ATR) method utilizing an evanescent wave on the
boundary between a sample and an ATR prism has been widely used [11–13]. This method
can detect plasma components in the interstitial fluid (ISF), and the glucose concertation in the
ISF reflects the blood glucose level [14], so that it enables non-invasive glucose measurement.
However, the measurable parts of the human body are limited to those that do not have a stratum
corneum (SC), for example, lip mucosa [15], owing to the small penetration depth (2-3 µm) of
evanescent waves.

Another method, mid-infrared spectroscopy with photoacoustic detection, has become popular.
With this method, photoacoustic spectroscopy (PAS), the heat generated by the absorption of the
excitation light, causes the medium to expand and contract periodically, and the acoustic waves
generated by these periodic expansions and contractions are detected by acoustic or pressure
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sensors. PAS is an attractive technique for the study of biological samples because it has the
advantages of a simple system configuration. In addition, using the absorption coefficient of
water of 817 cm−1 [16], the light penetration depth is calculated as approximately 25 µm [17],
which is ten times deeper than the ATR method (Fig. 1). Consequently, it is expected to reach
epidermis, enabling the measurement of blood components from human skin with SC.
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Fig. 1. Schematic of human skin and comparison of expected penetration depth for ATR
spectroscopy and PAS.

It has already been applied in bioanalysis by several authors. von Lilienfeld-Toal et al. first
observed the correlation between blood sugar and photoacoustic signals by measuring the forearm
of the human body [18]. They performed this study with two individual quantum cascade lasers
(QCLs): 1,080 cm−1 for the glucose peak and 1,066 cm−1 for the background. Kottomann et al.
published the next paper that sensed glucose in epidermal skin with a detection limit of 100 mg/dl
[19]. Thereafter, they reported an improved correlation between invasive blood glucose data
and photoacoustic (PA) signals (r2 = 0.8) [20]. The measurement error was ±30 mg/dL at a 90%
confidence level, although the detection sensitivity can be improved.

All previous reports on noninvasive measurements selected the combination of a microphone
and photoacoustic (PA) cell for signal detection. However, two main drawbacks of this microphone
approach have been reported: background noise owing to increasing humidity inside the PA
cell, and instability owing to temperature changes. The former occurs because of the absorption
of mid-infrared light in water vapor generated by skin perspiration during measurement [21].
Although this problem can be solved by introducing a windowless PA cell [22], it may be
necessary to increase the signal sensitivity by optimizing the PA cell configuration using the
finite element method (FEM). The latter occurs when the pressure inside the PA cell varies with
temperature, which causes fluctuations in the detected PA signal.

To solve these problems of the microphone-based PAS method, in this study, we propose a PAS
system based on piezoelectric detection. In this system, ultrasound is generated by mid-infrared
laser pulses with a repetition rate of several hundred kilohertz, and ultrasound propagating through
biological tissue with small attenuation is detected by a lead zirconate titanate (PZT) transducer
attached to the sample surface. This PZT-based PAS (PZT-PAS) system does not require a PA
cell; therefore, there is no water vapor problem, and the PZT can be mounted at any position on
the sample, contributing to a simpler system configuration. PZT-PAS has been applied in other
fields, such as the analysis of semiconductors [23] and identification of chemical compounds
[24]. However, applications for bioanalysis, particularly in combination with mid-infrared
spectroscopy, have rarely been proposed. Therefore, to demonstrate the effectiveness of this
system, we first presented the results of acquiring the PA spectra of an optical phantom and
biological samples. The relationship between the PA signal intensity and optical absorbance
in the mid-infrared region was analyzed by changing the glucose concentration in the optical
phantom. To further enhance the signal strength, we proposed the use of resonance vibration
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originating from ultrasonic standing waves in the sample and demonstrated their effectiveness
through experiments on a human earlobe.

2. Methods

Figure 2 shows the schematic of the experimental setup. The mid-infrared laser beam from a
tunable external cavity quantum cascade laser (EC-QCL) (Hedgehog, Daylight Solutions, USA)
was focused on the sample by an off-axis parabolic mirror. This EC-QCL has a tuning range of
930 - 1,200 cm−1, and emits laser pulses at a repetition frequency of 500 to 600 kHz and a pulse
width of 100 ns. In our measurement system, the laser was pulse-modulated with a small duty
ratio of approximately 5% to increase the peak power of the laser pulses, thereby improving the
signal-to-noise ratio (SNR) obtained. These results were confirmed both experimentally and
theoretically. The pulse energy was 0.024 µJ when the average output power was 12.2 mW, the
repetition rate was 500 kHz, and the beam size was approximately 2 mm. Thus, the fluence
was calculated to be as small as 7× 10−4 mJ/cm2, which was below the maximum permissible
exposure (MPE) [25]. The ultrasound induced in the sample by the laser pulses was detected by a
piezoelectric (PZT) transducer (R-CAST AE Senser M304 A, Fuji Ceramics, Japan) attached to
the sample, and the signal was processed by a lock-in amplifier synchronized with the laser pulse.
The PZT transducer had a resonant frequency of 300 kHz (±20%). The raw signal intensity
spectrum was obtained from 930 to 1,200 cm−1 with a 2 cm−1 step, and then the PA spectrum
was obtained by normalizing it with the laser power spectrum measured by a laser power meter.
All data shown in this paper are the average of four measurements. We chose this number of
measurements considering the balance between the improvement of the SNR and instability
caused by the increase of measurement time.

Fig. 2. Schematic of experimental setup.

Figure 3 shows the principle of our measurement method. The laser pulses from EC-QCL were
absorbed by the target molecule of a sample and its light energy was converted to thermal energy.
This thermal energy caused periodic expansions and contractions of the medium, resulting in the
generation of PA waves. Here, the PA waves were in the ultrasound range because the repetition
rate of the irradiation pulses was in the order of ∼ 102 kHz. The PA waves radially propagated
and were detected by the PZT transducer.

In this study, an ATR spectroscopy system, including a zinc sulfide (ZnS) trapezoidal prism,
hollow optical fiber and Fourier transform infrared spectrometer (FTIR) (Tensor 27, Bruker,
Germany) [26] was also utilized to verify the feasibility of the proposed system. In ATR
measurements, optical absorbance was measured with a frequency resolution of 2 cm−1 using air
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Fig. 3. Schematic of measurement principle.

as reference. The integration times of sample and reference were 128 and 32, respectively. All
the ATR spectra depicted in the following section were obtained using this system.

3. Results and discussion

3.1. Relationship between PA signal intensity and optical absorption

We first performed a feasibility study of piezoelectric detection in the mid-infrared region by
comparing the obtained PA spectrum with the ATR spectrum. A 10% gelatin phantom (gelatin,
Type A, Wako Pure Chemical, Japan), with 10% glucose (D(+)-Glucose, Wako Pure Chemical,
Japan) whose appearance is shown in Fig. 4(a), was used for the sample. Figure 4(b) shows a
comparison between the PA spectrum measured by the system shown in Fig. 2 and the optical
absorption spectrum measured by the ATR spectroscopy system. In this measurement, the
repetition frequency and pulse width of the EC-QCL were set to 500 kHz and 100 ns, respectively,
and a PZT transducer was attached to the opposite side of the irradiation point.

Fig. 4. (a) Appearance of gelatin phantom and (b) PA spectrum and ATR spectrum of the
gelatin phantom with 10% glucose.

Some spectral features of the PA spectrum matched with the ATR spectrum, such as the
absorption peaks at 1,034 cm−1, 1,078 cm−1 and 1,155 cm−1. Because these peaks originated
from the vibrations or bands of the glucose molecules [27,28], this result shows the potential use
of spectral analysis with PZT-PAS in the mid-infrared region for glucose level measurements.
However, the PA spectrum is almost inverted with respect to the ATR absorption spectrum.
This phenomenon is different from the typical PA spectrum detected by microphones, whose
intensity is proportional to the absorption. This is because the intensity of the generated ultrasonic
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waves is nonlinear with respect to optical absorption. Jackson and Amer [29] theoretically
showed that this occurs when optical absorption is extremely large. In their study, the signal
detected by the PZT transducer was theoretically predicted by solving the thermoelastic equations
using Green’s functions for the stress. When the absorption is small, the irradiated light is
entirely absorbed in the medium, to ensure that both surfaces of the medium stretch on average,
originating from the thermal expansion of the central region, that is average expansion. Thus, the
PA amplitude was proportional to the absorption. However, when the absorption is extremely
large, the heated region is limited to the illuminated region of the sample surface; consequently,
only the illuminated region stretches, and the other areas contracts, results in nonlinearity due
to the competition [23]. In our case, the latter condition is considered to be applicable because
the absorption of the phantom in the mid-infrared region is significantly large: the absorption
coefficient of water is 817 cm−1 and this value is much larger than GaAs of ∼20 cm−1 [30], which
was analyzed in Ref. [23]. In addition, the pressure change caused by PA effect was 0.57 bar as
calculated below, which does not cause noticeable deformation.

The temperature increases along the depth direction z of the sample caused by the absorption
of one of the repeated light pulses is given as follows [31]:

∆T =
(1 − R)αF0e−αz

ρC
, (1)

where R is the reflectance at the surface, α is the optical absorption coefficient, F0 is the irradiation
fluence, and ρC is the heat capacity per unit volume. When a laser beam with a repetition rate of
500 kHz and pulse width of 100 ns is irradiated on biological tissue, the temperature increase at
the surface is estimated as ∆T= 0.114°C using the refractive index n= 1.35, α=817 cm−1, and
ρC= 3.47 J/°C/cm3 of water. Such minute changes in temperature cause no damage to biological
tissues. Pressure generated by the heat increase [32] is expressed as

p = ΓρC · ∆T , (2)

where Γ is the unitless Grüneisen coefficient. By setting Γ = 0.12, as in Ref. [33], the pressure
obtained was p= 0.57 bar. The detection of such extremely small pressure fluctuations was
achieved by combining a highly sensitive PZT with a lock-in amplifier.

To assess the relationship between the PA signal intensity and optical absorption in our
measurement region, 930–1,200 cm−1, we prepared gelatin phantoms with different glucose
concentrations from 2% to 10%, with increments of 2%, and obtained the PA and ATR spectra.
Figure 5(a) shows the ATR spectra of the gelatin phantom with each glucose concentration. The
absorbance at some observed absorption peaks, such as 1,034 cm−1 and 1,078 cm−1, increased as
the glucose concentration increased. Figure 5 (b) shows the calibration curve for the absorbance
and glucose concentration at 1,034 cm−1. As can be seen, there is a high linearity between them,
which means that these data can be applied to analyze the relationship between optical absorption
and PA signal intensity.

Figure 6 (a) shows the PA spectra of gelatin phantoms with different glucose concentrations,
and Fig. 6 (b) shows the relationship between the optical absorption and PA signal intensity
at 1,034 cm−1. The horizontal axis shows absorbance at 1,034 cm−1 measured using the ATR
method, where an absorption peak of glucose was observed. The vertical axis is the corresponding
PA signal intensity for each concentration. As shown in Fig. 6(b), the PA signal intensity exhibited
linearity with a negative slope in our measurement range.

From the relationship in Fig. 6(b), we estimated the absorbance of the gelatin phantom with a
10% glucose concentration. Figure 7 shows the comparison between the measured absorbance
using the ATR method and estimated absorbance using PZT-PAS. The estimated absorbance
was performed by multiplying the value of the negative slope by the PA spectrum. As can be
seen, because the spectral shapes of the two spectra are almost identical, it was found that the
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Fig. 5. ATR measurements of gelatin phantom with glucose: (a) ATR spectra of gelatin
phantom with different glucose concentrations and (b) calibration curve for absorbance and
glucose concentration.
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Fig. 6. PZT-PAS measurements of gelatin phantom with glucose: (a) PA spectra of gelatin
phantom with different glucose concentrations and (b) Relationship between PA signal
intensity and optical absorption.

PA spectrum reflected the absorption characteristics of the sample, and the absorption spectrum
could be estimated by PZT-PAS.

We then explored the current detection limits of the glucose concentration in our measurement
system. Here, we prepared gelatin phantoms with different glucose concentrations of 0.1% and
from 0.2% to 1%, with increments of 0.2%, and drew a calibration curve, as shown in Fig. 8.
From this result, we confirmed the PZT-PAS system can detect glucose concentrations of 0.1%
that is close to the blood glucose concentration in healthy subjects 0.1% (100 mg/dl) [14, 34].

3.2. Measurement with biological tissue and sensitivity improvement

We used the PZT-PAS system for biological tissue measurements using sliced poultry breast
meat as a sample (Fig. 9 (a)). Figure 9 (b) shows the measured PA spectrum compared with
the ATR spectrum. The error bars on the PZT-PAS spectrum show standard deviations of four
measurements. The peaks and dips in the spectrum are not due to noise since their height and
depth are larger enough than the magnitude of error bars. Figure 9 (c) shows the enlarged spectra
from 1,030 cm−1 to 1,170 cm−1. As with the previous result, the PAS spectrum was almost
inverted with respect to the ATR absorption spectrum. Although some wavenumber shifts exist,
the absorption peaks appeared as dips in the PA spectrum. These peaks can be assigned to the
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Fig. 7. Comparison between estimated absorbance from PZT-PAS and actual absorbance
from ATR method.
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Fig. 8. The calibration curve for glucose concentration and PA signal intensity at 1,034 cm−1.

vibrational mode of the C-C stretch (1,078 cm−1), C-O stretch of the ribose ring (1,120 cm−1),
and C-O stretch (1,151 cm−1) [35], which are components of biological tissue or cells.

To further increase the measurement sensitivity, we performed signal intensity improvement
for biological tissue analysis. The resonance vibration caused by standing waves originating
from the induced ultrasound inside a sample was used to amplify the signal intensity. Standing
waves are generated when incident and reflected waves interfere with each other. In our case,
reflected waves are generated since the acoustic impedance gap between PZT transducer and
sample is extremely large. For spherical waves generated from a wave source, we found that
the signal enhancement effect due to the resonance appears only at the point where the distance
from the wave source satisfies the resonance condition. We confirmed this by measuring the
PA signal intensity that decreased when the PZT transducer was slightly moved to horizontal
direction from resonance point. In this case, the sound pressure of the PA waves in the sample p
is given as same as plane waves:

p = 2P|cos(kz)| (3)

where P = ρA, ρ is the density of a sample, A is the amplitude of acoustic wave, k is the phase
velocity in the sample, and z is the position (z= 0 is the boundary surface between the PZT
transducer and sample). Therefore, the amplitude of the acoustic pressure can be amplified when
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Fig. 9. Measurement of poultry meat: (a) appearance of the sample, (b) measured PA spec-
trum compared with ATR spectrum, and (c) enlarged spectra from 1,030 cm−1 to 1,170 cm−1.
Error bars on PZT-PAS spectrum show standard deviations of four measurements.

the wavelength of acoustic wave is integer multiples of half wavelength, and the sample thickness
is regulated to induce resonance vibration.

To confirm the phenomena in our experimental condition, a polyurethane gel pad (Sonagel,
Takiron, Japan) (thickness= 5.0 mm) and poultry breast meat (thickness= 3.2 mm) were used
as samples, and the results are shown in Figs. 10 (a) and (b), respectively. These results were
obtained by pushing the PZT transducer onto the sample. For the spectra shown in Fig. 10 (a),
we calculated the wavelength of induced ultrasound as λ ∼ 3.6 mm for 500 kHz and λ ∼ 3.0 mm
for 600 kHz by using the sound speed in the polyurethan as 1,780 m/s. As can be observed in
Fig. 10 (a), intensity peaks corresponding to integer multiples of half wavelength were observed.
Similar to polyurethane gel pad, intensity peaks were observed in poultry breast meat, as shown
in Fig. 10 (b). Although the peak points were not exactly matched with the expected thickness
of 1.59 mm using the sound speed in the muscle tissue of 1,588 m/s [36], the signal intensity
increased approximately tenfold at the intensity peaks. This slight difference in the peak position
from the one expected might be caused by the density change of the sample when the transducer
is pushed into the sample.

We then evaluated this resonance vibration effect with the poultry meat thickness between
1.6 mm and 4 mm. Figures 11(a) and 11(b) show the raw PA signal intensity spectra and PA
spectra of a single scan, respectively. As can be observed, the signal intensity was amplified at
the estimated resonance point owing to the improvement of the measurement sensitivity.

3.3. Measurement of the human earlobe

To apply resonance vibration by standing waves for measurements of human tissue, we chose
the earlobe as the measurement part. Figure 12 shows a schematic of the earlobe measurement
setup. The PZT transducer is located away from the laser beam, that is, the transducer is attached
to the rear part of the sample, and its position can be changed to adjust the resonance vibration
points. Because the diameter of the hole that makes contact with the earlobe is smaller than 2



Research Article Vol. 14, No. 7 / 1 Jul 2023 / Biomedical Optics Express 3849

Fig. 10. Relationship between photoacoustic signal intensity and sample thickness: (a)
polyurethane gel pad; (b) poultry breast meat
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Fig. 11. Evaluation of resonance vibration effect: (a) raw PA signal intensity, (b) PA spectra

mm, the earlobe shape changes very little, even when adjusting the thickness, and does not affect
the measurement data.

earlobe
PZT

EC-QCL

Fig. 12. Schematic of experimental setup for earlobe.

Figure 13(a) shows the spectra of the human earlobe obtained from the ATR method and
PZT-PAS. For this measurement, the repetition frequency of the excitation light was set to 500
kHz. The sample thickness was adjusted to 2.9 mm to meet the sound wavelength in human
tissue estimated from the speed of 1,440 m/s [36]. The error bars on the PZT-PAS spectrum show
the standard deviations of four measurements. As shown in Fig. 13(b), the absorption peaks in
the ATR at 1,030 cm−1, 1,078 cm−1, and 1,122 cm−1 appear as dips in the PZT-PAS spectrum.
The ATR and PZT-PAS spectra show different trends owing to the difference in the measurement



Research Article Vol. 14, No. 7 / 1 Jul 2023 / Biomedical Optics Express 3850

depths. Unlike the gelatin phantom, which is uniform in depth, biological tissue of different
compositions varies in depth.

0.4

0.45

0.5

0.55

0.6

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

10001020104010601080110011201140

Ab
so
rb
an
ce
[B
el
]

PA
si
gn
al
in
te
ns
ity
[a
.u
.]

Wavenumber [cm-1]

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0

0.2

0.4

0.6

0.8

1

1.2

900940980102010601100114011801220

Ab
so
rb
an
ce
[B
el
]

PA
si
gn
al
in
te
ns
ity
[a
.u
.]

Wavenumber [cm-1]

← PZT-PAS

ATR→ 1,030

← PZT-PAS

ATR→

1,078
1,122

(a) (b)

Fig. 13. Measured spectra of human earlobe: (a) whole measurement range, (b) enlarged
figure from 1,000 cm−1 to 1,140 cm−1. Error bars on PZT-PAS spectrum show standard
deviations of four measurements.

In the measured spectrum, absorption peaks from the amino acid in the SC were observed
at 1,075 cm−1 and 1,030 cm−1 [37]. In addition, the C-C stretch of glycogen at 1,078 cm−1

[35] and the absorption owing to lactate were also observed at 1,127 cm−1 [38]. Although
more precise investigation to ascertain the contribution of the peaks is required using such as
principal component analysis (PCA) and machine learning [39], the results indicate the potential
of applying PZT-PAS to measure blood components. The intensity at 1,030 cm−1 is applicable to
glucose detection, but another wavelength without absorption of glucose must be determined as
a baseline [11].

4. Conclusions

We proposed and developed a PZT-PAS system for biological tissue analysis in the mid-infrared
region as an alternative to the conventional microphone-PAS system. We found that the PA signal
intensity obtained with this system was almost inversely proportional to the optical absorption,
and that optical absorption peaks appeared as dips in the PZT-PAS spectra. From the results of
the comparison between the PA signal intensity and optical absorption by using gelatin phantoms
with different concentrations, we obtained a negative slope between them at 1,034 cm−1of the
absorption peak of the C-O stretch band of glucose. Furthermore, we confirmed that the PA
spectrum reflected the absorption characteristics of the sample by utilizing the negative slope,
indicating the possibility of spectroscopic analysis. The PZT-PAS system is able to discriminate
vibrations as well as the FT-IR based ATR system. However, its measurement performance is
limited and methods, such as principal component analysis (PCA) and machine learning, are
needed to improve measurement performance. Further, a numerical study of the heat generation
due to laser light absorption and the ultrasonic generation and propagation mechanism may be
necessary to elucidate the piezoelectric-photoacoustic detection mechanism in the mid-infrared
region, especially with regards to the relationship between the magnitude of the optical absorption
and PA signal intensity of the samples.

Since the SNR of PZT-PAS is not sufficient compared to microphone-PAS, we further increased
signal sensitivity of PZT-PAS by leveraging the resonance vibration of induced ultrasound. By
adjusting the sample thickness and/or repetition frequency to the resonance vibration point, the
signal intensity reached approximately tenfold, resulting in an increased SNR. To apply this effect
to the in skin measurement, we chose the earlobe as the measurement part, and conducted its
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measurement at the resonance vibration point. Some absorption dips corresponding to optical
absorption peaks were clearly observed, including those originating from biological tissues or
cells. Moreover, time-domain signal can be obtained if SNR is further improved. As a result,
depth profile analysis may be possible.

The proposed PZT-PAS system represents a crucial step in non-invasive biological tissue
analysis. Despite the non-linearity between the PA signal intensity and optical absorbance, we
could observe PA spectra with several features attributed to the components in biological tissues.
While this system may not be able to quantify the absorption properties of an object, multivariate
analysis and machine-learning-based spectral analysis should be able to capture quantitative
variations in the target component. In future studies, we will investigate the correlation of the PA
spectra obtained from multiple subjects with specific blood components and attempt to estimate
these components noninvasively.
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